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Abstract. The data obtained as a result of the analysis of crystallogeometric parameters and
the structure of state diagrams of binary systems from elements VIIIA and IB periods of the
D.I. Mendeleev’s table are presented. It is shown that the classification of the evolution of
phase diagrams of binary systems by types, proposed by T.A. Lebedev, correlates with features
of concentration dependences of the deviation of atomic volumes in solid solutions from Zen
law.

1. Introduction

The data on phase equilibria and structural-phase states in multicomponent systems is of greatest
interest from the perspective of the development of functional materials. To identify common patterns
in multicomponent systems it is necessary to obtain them in binary systems. Thus, functional materials
based on binary alloys from elements VIIIA and IB periods of the D.I. Mendeleev’s table are of keen
interest. These alloys exhibit weak lattice resistance in temperature ranges preceding structural phase
transitions (SPT) [1, 2].

Increasingly stringent requirements to materials for modern engineering structures require targeted
search for systems with new functional properties. The conventional method, based on simple search
of alloy-forming elements and alloying additives in multicomponent systems and standard
technological methods, is no longer effective. Semi-empirical approach, widely developed in the
classic materials science, also has limitations in forecasting new materials with a complex chemical
composition. Thus, classical conceptual ideas on methods of designing the properties of new metallic
and composite materials have exhausted all possibilities.

On the other hand, the search for general laws can be carried out using conventional classifications
of binary and ternary state diagrams. This approach is productive since it reveals typical and special
state diagrams. Namely, state diagrams that exhibit of a weak stability of the crystalline lattice in pre-
transitional regions prior to phase transitions

It should be noted that the existence of a weak stability of the crystalline lattice in pre-transitional
regions prior to phase transitions is manifested in features on temperature dependences of physical and
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mechanical properties. These weak-stable states affect features of the change in structural and phase
states [3].

The aim of the work is to carry out a search for general laws by analyzing the structure of state
diagrams of binary systems from elements VIIIA and IB periods of the D.I. Mendeleev’s table and
deviations of atomic volumes in solid solutions and ordered phases from Zen law

2. Atomic volume and metallic bond

The metallic bond is usually represented as a bond that arises due to interaction forces of positive ions
surrounded by gas of “free” electrons. The presence of free electrons, due to their mobility in the
interatomic space, results in high thermal and electrical conductivity. The energy of the crystal with a
metallic nature of the bond can be written as [4]:

1 2
U=-Ae’xQ 3+BxQ 3+Ce’xQ*, (1)
where Q is the atomic volume (volume per atom).
1 2

— Ae?x Q) 2 this term in the equation (1) is the potential energy of free electrons, B x Q 3this term is

their kinetic energy, and Ce® x Q" characterizes the kinetic energy of electrons occupying lower
energy states. The minimum value of the resulting energy can be related to the linear dimension rq that

. . . 4
can be considered as the atomic radius Q = 3 m’o3 :

This expression works well for alkali metals of the subgroup IA. However, for metals of the
subgroup IB of the Periodic Table (ie, Cu, Ag, Au) an agreement between the theory and the
experiment is not observed. The difference between structures and properties of metals of subgroups
IA and IB reflects a phenomenon in which the metallic bond does not limit the number of nearest
neighbors in nodes of the crystalline lattice, and that the values of the interaction between electrons
and ions can be significantly different [4].

The comparison with the covalent bond shows that the metallic nature of the bond is characterized
by the collectivization of electrons that become free, but the number of valence electrons is small (one
to three), and CN > 8,12 (CN - coordination number). This leads to the fact that all valence electrons
can become free [4].

These types of bonds do not normally occur in the pure form. In fact, there is a situation where one
type of interatomic bond contributes more to the interatomic interaction. A large number of
compounds with a mixed type of bond have been revealed.

Thus, it can be stated that the concept of the representation of atoms in the form of non-
compressible solid balls during the formation of crystalline structures that can exhibit different ratio
between metal and covalent components in the interatomic interaction can be used in the search for
general laws on the qualitative level [5]. On the other hand, the atomic volume affects the conditions
of formation of solid solutions and intermetallic compounds.

3. Atomic volume. Zen rule

In binary systems with a continuous series of solid solutions it has been established that the atomic
volume of the concentration Q=f(C) has a functional dependence close to linear. This phenomenon
well manifests itself on the example of solid solutions in systems Au-Ni, Au-Cu, and Cu-Ni [2]. This
phenomenon has been formulated in the form of Zen rule [1, 2]:

Q=CQ, +Cyy )

where C,, Cg and Q,, Qg are concentrations and atomic volumes of pure components, respectively.
The term “atomic volume” refers to the share Q) of the volume of the unit cell V, per atom (Q=V/n, n
is the number of atoms in the unit cell).

In [6, 7] it has been established that atomic volumes of the same element in the FCC and BCC
modification have similar values at the same temperature. The atomic volume of pure metals Q is a
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more universal characteristic than the parameters of unit cells of pure metals. This allows the use of
atomic volumes in the search for general laws of structural properties of alloys with solid solutions and
with intermetallic compounds formed by elements with different crystalline structures. This approach
has been successfully applied in the analysis of binary compounds based on Ti-Ni [1].

It has been established that the strict Zen rule is practically not executed, or executed in very rare
cases. Despite these shortcomings, this rule is widely used in the analysis of features of the change in
structural parameters from the concentration in various binary systems [1, 2, 6]. The experimentally
determined values of average volumes per atom in different systems may be greater or less than those
calculated by Zen rule. For the majority of ordered phases a negative deviation from Zen rule is
observed. The value

AQ = QP _qtheor o ©)
1 1

characterizes the deviation from Zen rule. The value of the deviation from Zen rule is a
nonconfigurational effect and plays a significant role in the stabilization of both ordered and
disordered solid solutions, as well as intermediate phases due to the gain in the volume energy. The
correlation between the value of the deviation of concentration dependences of atomic volumes from
Zen law and Hume-Rothery factors is presented in the literature [7]. In the analysis of changes in the
interatomic interaction in solid solutions and intermetallic compounds it is convenient to use the
relative value of the deviation of the atomic volume from Zen law:

AQ ~ Qexp . cheor cheor AO

Q O - QP - R

4. State diagrams and features of the interaction of Ag with neighboring elements in the Periodic
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Figure 2. The schematic of the evolution of phase diagrams it is evident that in disordered

diagrams formed by elements VIIIA and IB of the D.I. solid solutions in systems Ag-Pd, Ag-
Mendeleev's periodic table based on the T.A. Lebedev’s  pt 5 Ag-Au a slight neéative

classification [12] deviation from Zen law is observed. A

significant negative deviation of

atomic volumes from Zen law is observed in the system Ag-Pt for ordered phases. In Ag-based

systems, in which the formation of broad regions of solid solutions is not observed, it is impossible to
obtain the dependencies of the atomic volume from the concentration Q=f(C) (Fig. 1).

6. Binary state diagrams from elements VIIIA and IB of the Periodic Table and deviations of
atomic volumes of concentration dependencies from Zen rule

State diagrams from elements VIIIA and IB of the Periodic Table and deviations of atomic volumes of
concentration dependencies from Zen law have been systematized. The analysis of phase diagrams
from elements VIIIA and IB periods of the D.I. Mendeleyev’s table shall be carried out based on the
classification of diagrams proposed by T.A. Lebedev [12]. The classification is based on the change in
ratios between the potential energy of interaction Uag, Uaa, and Ugg between atoms of different types
A and B and the atoms of the same type AB and AB. Moreover, metallic elements, their solid solutions,
and intermetallic compounds typically have two types of bonds: covalent and metallic. It is known that
in systems with unlimited solid solutions there are mainly three types of melting curves: 1) with a
maximum; 2) monotonically increasing, the “cigar” type; 3) with a minimum (Fig. 1) [1]. A scheme of
the evolution of binary state diagrams in solidus and liquidus curves (Fig. 2) has been built in this
study (Fig. 1) according to the classification [12].in systems with unlimited solid solutions there are
mainly three types of melting curves: 1) with a maximum; 2) monotonically increasing, the “cigar”
type; 3) with a minimum (Fig. 1) [1]. A scheme of the evolution of binary state diagrams in solidus
and liquidus curves (Fig. 2) has been built in this study (Fig. 1) according to the classification [12].
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Moreover, the evolution of binary state diagrams must exhibit a phenomenon caused by a gradual
transition from the metallic bond to the covalent bond, depending on the concentration of alloy-
forming elements. This reflects the situation that, in most cases, two types of bonds are simultaneously
present in the interaction of metal components [4-7]. As consequence, it should appear on
concentration dependencies of atomic volumes in binary systems. This is the case in reality (Fig. 3).

The presented in Fig. 2 evolution of state diagrams of the type I under T.A. Lebedev’s
classification suggests that an increase in the energy of the interatomic interaction between atoms of
different kinds AB Uag relative to the energy of the interatomic interaction between atoms of the same
kind Uaa and Ugg takes place. At the same time, there is a negative deviation in concentration
dependences of atomic volumes from Zen law, which indicates a decrease in the atomic volume in the
formation of solid solutions in alloys of the systems under consideration.

For type 1l of state diagrams

AQQEXF AQQY (Fig. 2), the modification of
0.02 0.02 phase diagrams takes place
0.0 1 _ 00 Bo 3 under two scenarios. The first
002 F -0.02 F » I scenario involves the

-0.04 004 Lo 1y | L1 ifi i i
e o A e NN = modification of state diagrams

due to the fact that the liquidus

EXP
A%{g I|r_1e goes on r_approchement
N S with the solidus line. In second
Ava™” o0 [ S | | i scenario, the solidus line goes
002 ool o on rapprochement with the
0.0 ol ” Ay Pd Au Pd Az Au Rh Pt liquidus line. Such evolution of
002 002 - pp— state diagrams on solidus and
0.04 T 00 rﬂ“ﬁ;{“\- d liguidus  lines leads to
002 | A A . appearance  maximum  and
i1\ R | B § I | minimum points.

Cu PtCu  PdCo N_IJ Type |11 of state diagrams is
_ represented by a series of state
C oo e p i diagrams in which the degree
of disintegration of liquid
L _. o solutions increases to produce,
AQ/QPXP Co Pd Co Rh Cu Au Au Ni Co Ir in the end result, a mechanical

0.02 ; \ mixture of pure components.
00 £ bt gl N § It is important that the
002 | I I I minimum on the diagram of
004 L T | T continuous solid solutions (Co-
Co Ir Ni Cr Ag Cu Au Co Ir, Fig. 2) cannot be mixed

Figure 3. The schematic of the evolution of concentration with the eutectic point on

dependences of atomic volume deviations in solid solutions and phai]e %'ag_fa”_‘s- T?e ;aCt _that
in ordered phases from Zen law in systems formed by elements &t the beginning of the given

VIIIA and IB of the periodic table diagram with _the eutecti-c point
there is a diagram with the

minimum point on solidus and
liquidus curves does not give grounds to identify the minimum point on this diagram with the eutectic
point. There is a trend that reflects the process of a possible eutectic formation. This phenomenon is
associated with the appropriate prerequisites that a eutectic transformation in the following systems
may occur at the place of the unstable.
The distribution of concentration dependences of deviations of atomic volumes in solid solutions
and in ordered phases from Zen law in the systems under consideration (Fig. 3) has been built
according to the presented location of state diagrams (Fig. 2).
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For diagrams of the type I under T.A. Lebedev’s classification, only negative deviation of
concentration dependences of atomic volumes from Zen law is observed (Fig. 2, 3).

Type II of state diagrams under T.A. Lebedev’s classification, is characterized by both positive and
negative deviation of atomic volumes in solid solutions and in ordered phases from Zen law,
depending on the scenario of the evolution of state diagrams (Fig. 3).

Type 1 of state diagrams, for which the diagram of the system Co-Ir is the basis, is characterized by
a positive deviation of atomic volumes in solid solutions from Zen law in places of their existence on
state diagrams. At the same time, there is a significant increase in the deviation of atomic volumes from
Zen law in regions presiding ruptures of the solubility on phase diagrams (Fig. 3).

7. Conclusion

The analysis of the structure of state diagrams and crystallogeometric parameters has allowed
revealing a clear correlation between the type of the evolution of phase diagrams under T.A.
Lebedev’s classification, depending on the nature of deviations of atomic volumes in solid solutions
and in ordered phases from Zen law in systems formed from elements VIIIA and IB periods of the D.I.
Mendeleev’s table.

Acknowledgement
The paper included the results obtained in the course of the implementation within the framework of the
Program “Scientific Foundation named after D.I. Mendeleev of Tomsk State University” in 2015-2016.

References

[1] Potekaev A I, Klopotov A A, Kozlov E V, et al. 2004 Pretransitional weak-stable structure in
NiTi (Tomsk: NTL) (in Russian).

[2] Potekaev A I, Klopotov A A, Morozov M M, et al. 2014 Structural features of binary systems
with weak-stable (Tomsk: NTL) (in Russian).

[3] Olemskoy A I and Katznelson A A 2002 Advances of phys. met. / Usp. Fiz. Met. 3 1-86.

[4] Madelung O 1980 Solid State Theory. (Moscow: Nauka) (in Russian).

[5] Vozdvizhinsky V M 1972 Forecast of binary state diagrams. According to statistical criteria
(Moscow: Metallurgiya) (in Russian)

[6] Pearson W 1977 Crystal chemistry and physics of metals and alloys (Moscow: Mir) 1420 (in
Russian)

[71 Hume-Rothery V, Raynor G 1959 The structure of metals and their alloys (Moscow:
Metallurgiya) (in Russian)

[8] Savitskiy E M 1984 Noble metals. Directory (Moscow: Metallurgiya) (in Russian)

[9] Diagrams of binary metallic systems / Ed. by Lyakishev N P 1996-2000 (Moscow:
Mashinostroeniye) 1-3 (in Russian)

[10] Kornilov | I, Matveeva N M, Pryakhina L I, Polyakova R S 1964 Metallochemical properties of
elements of the periodic system (Moscow: Nauka) (in Russian)

[11] ViUars P and Calvert L D 1985 Pearson's Handbook of Crystallography Data for Intermetallic
Phases (Ohio: Metals Park) 1

[12] Lebedev T A 1951 Some questions in the general theory of alloys (Leningrad: Newspaper and
magazine book) (in Russian)





